Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder whose hallmark is bilateral vestibular schwannoma. It displays a pronounced clinical heterogeneity with mild to severe forms. The NF2 tumor suppressor (merlin/schwannomin) has been cloned and extensively analyzed for mutations in patients with different clinical variants of the disease. Correlation between the type of the NF2 gene mutation and the patient phenotype has been suggested to exist. However, several independent studies have shown that a fraction of NF2 patients with various phenotypes have constitutional deletions that partly or entirely remove one copy of the NF2 gene. The purpose of this study was to examine a 7 Mb interval in the vicinity of the NF2 gene in a large series of NF2 patients in order to determine the frequency and extent of deletions. A total of 116 NF2 patients were analyzed using high-resolution array-comparative + To whom correspondence should be addressed at: Department of Genetics and Pathology, Rudbeck Laboratory, Uppsala University Hospital, SE-75185 Uppsala, Sweden. Tel: +46 18 4714814; Fax: +46 18 558931; Email: jan.dumanski@genpat.uu.se 272 Human Molecular Genetics, 2001, Vol. 10, No. 3 genomic hybridization (CGH) on an array covering at least 90% of this region of 22q around the NF2 locus. Deletions, which remove one copy of the entire gene or are predicted to truncate the schwannomin protein, were detected in 8 severe, 10 moderate and 6 mild patients. This result does not support the correlation between the type of mutation affecting the NF2 gene and the disease phenotype. This work also demonstrates the general usefulness of the array-CGH methodology for rapid and comprehensive detection of small (down to 40 kb) heterozygous and/ or homozygous deletions occurring in constitutional or tumor-derived DNA.
INTRODUCTION
Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder predisposing to neoplastic lesions with a hallmark of schwannoma arising at the vestibular branch of both eighth cranial nerves. NF2 affects ∼1 in 40 000 individuals and the penetrance is nearly 100% by the age of 60 years. NF2 patients may also develop schwannomas at other locations and other tumors such as meningiomas, ependymomas and astrocytomas (1) (2) (3) (4) (5) (6) (7) . NF2 shows a phenotypic variability which ranges from mild (Gardner) to severe (Wishart) forms. The severe form has an early onset of vestibular schwannomas and patients usually present other tumors. The mild form usually has a late onset with bilateral vestibular schwannomas as the only feature. There are also intermediately affected cases, which do not easily fall into either category.
The NF2 tumor suppressor gene was characterized from 22q12 (8, 9) . This gene has been extensively studied for presence of inactivating mutations in NF2 patients, with reported mutation frequencies ranging from 36 to 84% (7, (10) (11) (12) (13) (14) . Some mutation reports point to a correlation between the genotype and phenotype (7, 13) . Patients with truncating mutations usually, although not always, have a severe form of NF2. The more infrequent missense mutations occur in both mild and severe forms with no apparent correlation between the clinical form and the type of mutation (12) . Furthermore, a majority of deletions affecting the whole NF2 gene so far reported occurred in patients with mild phenotype (14) (15) (16) . Many of these NF2 patients with deletions are from NF2 kindreds with other similarly affected family members, which make somatic chimerism an unlikely explanation for the mild phenotype. Other studies also report NF2 pedigrees with a wide phenotypic spectrum within families. Mutation analyses of constitutionally transmitted mutations in these families have shown both protein truncating and missense mutations (11, 17, 18) .
Although the NF2 gene was cloned in 1993 and extensively studied, the telomeric border of the NF2 gene region, as defined by linkage analysis in NF2 families, is still very large. The delineation of the centromeric border of the NF2 region was the detection of a crossing-over between the NF2 gene and marker D22S212 in a family with severe phenotype (19) . D22S212 is located at a distance of 540 kb from the NF2 gene. Despite a large set of NF2 kindreds included in the linkage analysis (19) , D22S28 is the telomeric flanking marker and the distance between the merlin/schwannomin gene and D22S28 is ∼6 Mb, which is a remarkably large region. The starting point for the current study was a description of an NF2 patient with early onset of the disease and an ∼6-7 Mb deletion in 22q12.1-q13 (denoted here as case JP) (20) . When compared with deletions in other previously reported mild patients, the deletion in case JP extends at least 5 Mb towards the telomere of 22q (14) (15) (16) . The purpose of this study was to examine the 6 Mb interval on 22q telomeric to the NF2 gene in a large series of NF2 patients in order to determine the frequency and extent of deletions. These were mapped using a microarray form of comparative genomic hybridization (CGH) (21) (22) (23) . Genomic DNA from a 'test' and a 'normal reference' cell population were labeled with different fluorochromes and co-hybridized to an array of genomic clones that provided almost complete coverage of the vicinity of the NF2 locus. The resulting ratio of the fluorescence intensities on each array element is proportional to the copy number of the corresponding DNA sequences in the test and reference genomes. This approach can potentially detect copy number changes with a resolution finer than the length of the clone on the array, bringing a new dimension to CGH in terms of sensitivity of analysis (24) . In total, 116 NF2 patients were analyzed and deletions were detected in 24 cases. Deletions in mild NF2 cases affected only the NF2 gene, whereas in severely/moderately affected patients they were often larger.
RESULTS

Preparation of the microarray
As mentioned above, we had previously identified an earlyonset NF2 patient containing an ∼7 Mb deletion of chromosome 22 (20) . The rationale of the current study was to use array-CGH with an array that provided a continuous coverage of this region for the analysis of a large series of NF2 patients. We used the March 1999 release of the chromosome 22 database (AceDB) from the Sanger Centre (Hinxton Hall, UK) for selection of genomic clones. This 7 Mb region was at that time not completely covered with a contiguous set of genomic clones. We originally selected 113 clones from the 7.4 Mb interval. However, nine clones were later excluded from the study as they did not yield a sufficient amount of DNA or could not be spotted in a reproducible manner on the hybridization slides by the printing robot. The overall coverage of the 7.4 Mb chromosome 22 interval, derived from 104 clones (clone nos 2-105) on the array, can be estimated to be 90% compared with the available GenBank sequence information. Regions that lack chromosome 22 sequences on the array are located between the following clones: 2 and 3, 3 and 4, 21 and 22, 27 and 28, 31 and 32, 55 and 56, 94 and 95 as well as 96 and 97. However, further analysis of details (in GenBank accession files) of the clones neighboring the above-mentioned gaps shows that only the unique sequence segments from each genomic clone are submitted to the database. The true left and right ends of the genomic clones are therefore often deeply extending into the neighboring ones. Thus, the presumed 90% coverage of the array within the 7.4 Mb region is an underestimate. To enhance the resolution of the area around and within the NF2 gene, six additional cosmids (nos [13] [14] [15] [16] [17] [18] were selected from a cosmid contig covering the NF2 gene (25) . These clones were identified by hybridization with probes for the 5′ and 3′ ends of the NF2 gene, as shown in Figure 1A .
Validation of the array
The ability to detect copy number changes using our microarray was tested in three experiments (Fig. 2) . We hybridized (i) normal human male DNA against normal human female DNA to detect the variation in copy number of the X chromosome between male and female; (ii) an NF2 patient (case JP), known to contain an ∼7 Mb deletion within the area covered by the array (20) ; and (iii) meningioma tumor DNA from a female patient (tumor 24) with a known combination of homozygous and heterozygous deletions within the studied region (26) . The normalized average ratio for the target clones on chromosome 22 was 0.99 ± 0.04 when normal female DNA was hybridized against normal male DNA. The ratio for the two X chromosome controls was 0.59 ± 0.004 (Fig. 2 , XY/XX controls), clearly distinguishing the X chromosome copy number difference between male and female. Heterozygous deletion detection was tested using the previously published case JP, which has a large interstitial deletion. The deletion in this patient spans from the marker D22S212 to the MB locus (20) . This case was hybridized against normal human female DNA, and deletion between RP3-366L4/AL023494 (clone no. 4) and RP4-569D19/AL022334 (clone no. 101) was detected. The normalized average ratio for the deleted clones was 0.59 ± 0.05 and the size of the detected deletion corresponds well with our previous description of this case (Figs 1 and 2 , JP/XX control) (20) . Homozygous deletion detection was tested by analysis of tumor 24, a meningioma known to contain a heterozygous and Figure 1 . Summary of the deletions detected by microarray-CGH. The region shown in (A) corresponds to one-third of the entire array. Gray boxes illustrate clones from the chromosome 22 minimal tiling path as previously reported (30) . White boxes indicate additional clones included in the array in order to enhance its resolution within the NF2 gene region. Gaps in the contig represent sequences that are not present on the array. These gaps are shown to scale, except for the gap between clone nos 1 and 2. Clone no. 1 is located ∼10 Mb towards the centromere of clone no. 2. An asterisk (*) indicates the clone containing D22S212/KI-831, which determines the centromeric border of the NF2 region, previously established by linkage analysis of NF2 families using markers from chromosome 22 (19) . A total of 24 NF2 patients with deletions, grouped according to their clinical phenotype, are shown in (B). Results from 34 genomic clones are displayed. The entire array contained 106 chromosome 22-derived clones. Gray boxes indicate clones classified as displaying retention of both copies of chromosome 22 and black boxes denote deletions. White boxes illustrate target clones which were non-conclusive in one or several independent hybridization experiments, i.e. were excluded from analysis due to printing failures, hybridization background or weak fluorescent signal from one or both fluorescent dyes (CY3 and FITC; see Materials and Methods). All 24 patients with deletions were analyzed in at least two independent hybridization experiments and the combined results are shown. Circles indicate clones that were used as probes for FISH analysis of three selected patients, in order to verify the results obtained from microarray-CGH (data not shown). a homozygous deletion. The large terminal deletion of one arm of chromosome 22 has the breakpoint between markers VIIIF2 and D22S212, which are located outside and on the centromeric side of the region covered by the array. The second interstitial deletion removes ∼100 kb around the marker D22S342 and the NEFH gene (26) . The average normalized value of the ratio for the heterozygously deleted clones was 0.60 ± 0.05. The normalized ratio for p7041059q13/AC002059 (clone no. 11) was 0.26 ( Fig. 2 , tumor 24/XX control). Clone no. 11 is known to contain marker D22S342 and the NEFH gene. The non-zero value for the ratio in the homozygously deleted region may be due to a normal tissue component in the tumor, 
Localization of the borders of NF2 region on the sequence of chromosome 22
The centromeric border of the NF2 gene region was previously determined in linkage analysis by detection of a crossing-over between the NF2 gene and marker D22S212 in a family with severe phenotype (19) . However, marker D22S212 has not yet been sequenced, which complicates its exact localization on the sequence of chromosome 22. Single-run sequences, generated after end-sequencing of both sides of the insert from marker D22S212, were used in blastn search against the non-redundant section of the GenBank database. Both end-sequences matched [488 identities in 512 letters (95%) and 317 identities in 321 letters (98%)] the sequence from clone CTA-747E2 (GenBank accession no. AL021393), between positions 20021 and 23045 (data not shown). This determines the location of marker D22S212 around position 22000 in sequence of clone CTA-747E2 ( Fig. 1 clone no. 7). Thus, the centromeric border of the NF2 region is 540 kb away from the 5′ end of the NF2 gene. Marker D22S28 was previously identified as the telomeric border of the NF2 region (19) . Blastn analysis of the available sequence for this marker places it in clone RP1-272J12 (clone no. 95, GenBank accession no. Z82194). Thus, the size of the NF2 gene region, as defined by the linkage analysis in NF2 families, is ∼6.0 Mb.
Analysis of deletions in NF2 patients
A total of 116 NF2 patients were analyzed. Severe cases were included in the study disregarding the NF2 gene mutation status. Mild and moderate cases were included in the study only if they were known to be negative for point mutations in the NF2 gene. According to the above-mentioned clinical classification of NF2, 83 of the patients were severely affected, 16 were moderately affected and 17 had clearly mild manifestations. Two patients showed clinical features other than what is normally associated with NF2 (Table 1) . Patient 41 has had a complex phenotype since early childhood with cerebral paresis, peripheral facial paresis, pes cavus, cerebral movement disorder, facial dysmorphism and slight mental retardation. At the age of 18, she showed the first symptoms of NF2 with bilateral hearing loss and at 28 she was diagnosed with bilateral vestibular schwannomas. This patient was classified as moderately affected in this study, with regard to the age of diagnosis. Another patient classified as moderately affected (p12) is also slightly mentally retarded and was diagnosed with NF2 at the age of 34. He displays cranial and spinal schwannomas, in addition to bilateral vestibular schwannomas.
Array-CGH detected deletions in 8 severe, 10 moderate and 6 mild cases (Fig. 1B) , which makes an overall 20.7% frequency of patients with deletions. The deletions in the severely affected group varied in size from 2.5 Mb to 40 kb (Fig. 1B) . However, seven patients were reported previously, but the extent of the deletion outside the NF2 gene was not determined (Table 1) . Thus, the overall deletion frequency for cases not previously analyzed is 15.6% (17 of 109). The largest detected deletion in this subgroup, lk65, has a deletion spanning CTA-747E2 (clone no. 7) to RP3-425I2 (clone no. 31). The normalized average ratio for these clones was 0.59 ± 0.07, whereas the ratio for clones outside the deletion showed an average of 1.0 ± 0.06. The deleted area on the telomeric side of the NF2 gene, represented by clone nos 20-31, is ∼1.6 Mb. The deletion of p5 comprises the clones from p7041059q13 (clone no. 11) to RP3-400N23 (clone no. 30), with an average normalized ratio of 0.59 ± 0.06. The size of this deletion is ∼2.0 Mb, of which 1.4 Mb lies telomeric of the NF2 locus (clone nos [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Cases p7-p135 in the severe group of patients had deletions ranging from ∼500 kb down to 40 kb, always encompassing the NF2 gene.
The size of deletions could be determined in 9 of 10 patients with moderate phenotype. These ranged from 6.6 Mb for the previously reported case JP (20) to 120 kb for p147. The centromere border of the deletion detected in p41 lies between control clone from the t(11;22) constitutional translocation breakpoint region on 22q11 (RP5-1175D24, clone no. 1) and RP11-546J16 (clone no. 2). As this region is ∼10 Mb, the breakpoint and exact size of this deletion is still unknown (Figs 1 and 2 ). This is the largest new case with deletion detected in the material studied here. The deletion on the telomeric side of the NF2 locus extends to the clone RP3-425I2 (clone no. 31), spanning ∼1.6 Mb. The average normalized ratio for the deleted clones was 0.59 ± 0.04. Two other cases in the moderate subgroup showed deletions stretching outside the NF2 locus. Case p12 deletes ∼530 kb telomeric of the NF2 gene, whereas gl10 displays a loss of ∼560 kb centromeric to the NF2 locus (Fig. 1B) . The deletion of case p40 spanned ∼640 kb, of which 147 kb stretched telomeric of the NF2 locus. The other deletions in this subgroup ranged from 500 to 120 kb, always encompassing the NF2 gene.
Six deletions were found in patients with a clearly mild NF2 phenotype and none of these deletions extended outside the NF2 locus. Patient 139 is the only unaffected case in this study. He is an obligate NF2 carrier, having an affected brother as well as a 19-year-old son with unilateral vestibular schwannoma. This patient underwent cranial magnetic resonance imaging (MRI) in 1998, which showed no evidence of tumors within the skull. To our knowledge, this is the oldest (aged 54) reported obligate carrier without symptoms of NF2. Patient 139 shows deletion of the cosmid LL22NC03-69B4 (clone no. 18) (Fig. 3) . This cosmid was previously mapped to the telomeric half of the NF2 gene (25) . CGH hybridizations of all 24 cases displaying deletions were performed at least twice on different arrays. We also performed reverse labeling tests. Here, DNA from p5 and p12 were labeled with fluoresceindCTP and normal XX control was labeled with CY3-dCTP. The same genomic clones displayed deletions (data not shown). A total of 67 of the severe cases, 8 of the moderate and 10 of the mild patients did not show any detectable deletions (data not shown).
Fluorescence in situ hybridization (FISH) analysis
In order to confirm the results obtained from the microarray-CGH, three patients (p5, p12 and p41) were analyzed by FISH using multiple probes (Fig. 1B) . For case p5, we used probes from the clones CTA-256D12 (no. 12), RP1-76B20 (no. 19) BCAT, bilateral cataract; BHL, bilateral hearing loss; BVS, bilateral vestibular schwannoma; CAT, cataract; CRS, cranial schwannoma; CS, cutaneous schwannoma; HL, hearing loss; M, meningioma; mult, multiple; nm, new mutation; S/III, schwannoma of the third cranial nerve; S/IX, schwannoma of the ninth cranial nerve; SS, spinal schwannoma; UHL, unilateral hearing loss; UVS, unilateral vestibular schwannoma. a Numbers not in parentheses denote age at the 'confirmed' NF2 diagnosis. Numbers in parentheses on the right-and left-hand sides show age at the first symptoms of NF2 and current age of the patient (if known), respectively. b Numbers in parentheses indicate the age in years at diagnosis and/or surgical intervention. c The younger brother of p139, now aged 52, has been diagnosed with right and left vestibular schwannoma at the age of 34 and 47 years, respectively. The son of p139, now aged 27, has been diagnosed with UVS at the age of 19. d These cases were reported previously, but the extent of the deletion outside the NF2 gene was not determined (9, 14, 20) . Classification of disease gravity was performed as described in Materials and Methods. e Case p41 had a complex phenotype since early childhood; slight mental retardation, cerebral paresis, peripheral facial paresis, pes cavus, cerebral movement disorder and facial dysmorphism. f Case 147, although moderately affected, comes from a family with very mild symptoms. All other affected family members have BVS only, with onset well after 30 years of age. g Case JP died 3 years after the surgery of left vestibular schwannoma. h Case p135 is an exception for his family. Other affected family members are mildly affected with usual onset of symptoms after 25 years. 
DISCUSSION
This is the first report describing a high resolution microarray-CGH analysis in NF2 patients. The study was initiated by the finding of a large constitutional deletion removing ∼7 Mb on chromosome 22 in an early-onset NF2 patient (20) . We constructed a genomic array covering at least 90% of the 7.4 Mb region of interest (clone nos 2-105). The interval studied fully incorporates the NF2 gene region delimited by the previous linkage studies in affected families. We analyzed 116 NF2 patients with different clinical phenotypes. Our results indicate a high frequency of large chromosome 22 deletions occurring in the pathogenesis of NF2. Findings of deletions encompassing the NF2 gene in patients with a wide range of clinical symptoms do not support the correlation between the type of mutation affecting the NF2 gene and the disease phenotype. It should also be noted that deletions in severely and moderately affected patients varied in size, whereas cases with mild NF2 displayed only deletions affecting the NF2 locus. Somatic mosaicism for NF2 gene mutations has been shown to occur in NF2 and it has been suggested as a possible cause of mild phenotype in a fraction of patients (27) (28) (29) . Mosaicism should therefore always be considered as a possible explanation to the mild phenotype. Six of the patients with NF2 gene deletions studied here displayed mild phenotypes. However, two of them were familial cases (p139 and p141), making somatic mosaicism a very unlikely explanation for the observed mild phenotype. Furthermore, the array-CGH results provide no support of somatic mosaicism, at least in DNA derived from blood leukocytes, in the remaining five mild, de novo mutation patients with deletions. The fluorescence intensity ratios show no clear deviation from the values expected for deleted clones on the array (p144, lp2, lp3, lp4, gl8; Table 1 , Fig. 3 and data not shown).
Microarray-CGH offers a considerable advantage compared with other existing methods used for analysis of gene copy variations. As shown here, it is a comprehensive, sensitive and fast method. Each hybridization experiment on our array can be compared with >100 independent FISH hybridizations. A single experiment allows for detection and sizing of a deletion, with a detection limit of ∼40 kb. It is also possible to increase the size of the region targeted on the array by addition of new genomic clones. The sensitivity of deletion detection can also be increased by supplementing the array with a larger number of overlapping, smaller-size genomic clones, e.g. cosmids. This study and a recent mutation analysis of the NF2 gene (14) indicated that deletions in the NF2 gene are one of the major pathogenic mechanisms behind this disease. Current diagnostic procedures for detection of intragenic deletions are, however, cumbersome. A high-resolution NF2 gene-specific microarray, containing a large number of overlapping cosmids, which are well mapped on the genomic sequence of the NF2 gene, offers a possibility for significant improvements of diagnostic procedures for NF2.
Finally, our analysis of the meningioma case (tumor 24), which contains an ∼100 kb homozygous deletion, demonstrates the general usefulness of microarray-CGH methodology for detection of homozygous deletions in tumors. Many regions in the human genome, including chromosome 22, are known to contain as yet uncharacterized tumor suppressor loci. Detailed mapping of these loci is often difficult using existing methods. The microarray-CGH seems well suited for this purpose, especially for chromosomes that are physically and transcriptionally well characterized, such as human chromosome 22 (30) .
MATERIALS AND METHODS
Collection and clinical classification of NF2 patients
Patient DNA from 116 NF2 cases was collected in collaboration with physicians from Bulgaria, Canada, Finland, France, Germany, Italy, Japan, Norway, Sweden, Switzerland, the UK and the USA. So-called 'confirmed NF2 diagnosis' criteria were used according to the 1988 NIH consensus conference (31) . The patients were categorized into mild, moderate and severe forms of NF2 as previously suggested by Evans et al. (2-4,7) . These criteria are as follows. (i) Mild NF2 is characterized by relatively late onset, usually at >25 years, of bilateral schwannomas, with only minimal skin manifestations and usually no other central nervous system tumors. The progression of the tumors in mild NF2 patients is slow. (ii) Severe NF2 is characterized by early onset, usually at <25 years, and other tumors in addition to bilateral vestibular schwannomas. Peripheral features are more pronounced in severe cases. The disease course is often rapid, causing death or severe handicap (7) . Patients that did not unequivocally match either the mild or the severe form were classified as moderate ( Table 1 ). The use of DNA material derived from human subjects has been Individual genomic clones are represented by ID numbers, corresponding to the numbering described in Materials and Methods. Nos 107-108 and 110-112 represent control clones from chromosomes X and 3, respectively. Chromosome 22 clones are ordered in centromere (left) to telomere (right) direction. Each measurement is an average ratio between fluorescence signals and these are derived from three to five measurements of independent spots representing a clone on the array, in a single hybridization experiment. The standard deviation is shown below the ID number for each genomic clone. The cosmid LL22NC03-69B4 (clone no. 18) was classified as deleted. Patient 139 is not affected but is an obligate NF2 carrier (see Table 1 ).
approved by the Karolinska Hospital and the Uppsala University Research Ethics Committees (Institutional Review Board).
Selection and preparation of genomic target clones
A total of 104 chromosome 22 clones which provided at least 90% coverage of a 7.4 Mb region, including and immediately distal to the NF2 gene, were used on the array. The selection was based on the March 1999 release of the chromosome 22 database (AceDB) from the Sanger Centre ( ftp:// ftp.sanger.ac.uk/pub/human/chr22 ). Six of the clones were cosmids covering the NF2 gene (25) and these were included to enhance the resolution within the NF2 locus. Two additional chromosome 22 control clones located outside the 7.4 Mb region were included on the array. These were RP5-1177D24 and RM22P004, which cover a part of the t(11;22) constitutional translocation breakpoint region in 22q11 and the PDGFB gene in 22q13, respectively. In addition, we included control clones from chromosome 3 (4 clones), chromosome 5 (1 clone) and chromosome X (2 clones). The identity of each clone was verified by PCR amplification using known or newly designed sequence tagged sites, prior to isolation of DNA (data not shown).
The clones included on the array are listed in Table 2 and below. The chromosome 22 clones are as listed in Table 2 in centromere→telomere order. The clones used as controls were as follows (numbers in parentheses correspond to those used for clone identification in Figures 1-3 ): 689C14 (no. 107) and 590B9 (no. 108) from the X chromosome (23); RP11-129K01 (no. 109), RP11-88M01 (no. 110), RP11-204C23 (no. 111) and RP11-72E23 (no. 112) from chromosome 3; and RP11-94J21 (no. 113) from chromosome 5. Isolation of DNA from clones was performed using a CsCl gradient ultracentrifugation or a modified Qiagen midi preparation protocol (23, 32) .
Preparation of the array and hybridization experiments
Array production, hybridization and analysis followed Pinkel et al. (23) . Briefly, the slides were cleaned in 1:1 H 2 SO 4 (CONS) and H 2 O 2 (30%) solution overnight. They were then thoroughly rinsed in water, air-dried and immersed in 95% acetone/water with 0.1% 3-aminopropyltrimethoxysilane (Aldrich) for 2 min at room temperature, followed by rinsing five times in acetone. Target DNA (10-15 µg) was sonicated into 1.5-15 kb fragments, ethanol-precipitated and resuspended in 5 µl of 80% DMSO with 0.4 ng/µl nitrocellulose. These DNA solutions were then printed onto the aminosilanecoated microscope slide using a custom-made robot. Two arrays per slide were printed with five replicas of each target clone. Test and reference DNA (1.25 µg) was labeled by nicktranslation with CY3-dCTP (PA 53021; Amersham Pharmacia Biotech) and fluorescein-dCTP (NEL424; NEN Life Science Products), respectively. Unincorporated nucleotides were removed using a Sephadex G50 spin column (Amersham Pharmacia Biotech). The labeled DNA was mixed with ∼50 µg of Cot-1 DNA (Life Technologies) and ethanol-precipitated, rinsed in 70% ethanol and air-dried. The precipitated DNA was dissolved in 15 µl of hybridization mix containing 50% formamide, 10% dextran sulfate, 2× SSC, 0.1% SDS and 0.1% Tween. The hybridization mix was then heated to 72°C for 10 min to denature the DNA and incubated at 37°C for 30-60 min to achieve proper blocking of repetitive sequences. For prehybridization of the array, we precipitated 100 µg of salmon sperm DNA (Life Technologies) and dissolved this in 15 µl of the hybridization mix (10% dextran sulfate, 50% formamide, 2× SSC, 0.2% SDS, 0.2% Tween). A well for the prehybridization and hybridization mix was made with rubber cement. The prehybridization mix was later applied to this well. To prevent the prehybridization and hybridization solutions from drying, we placed a 2 mm rubber gasket (Grace Bio-Labs) outside the rubber cement wall and sealed the created hybridization chamber with a new microscope slide. After 30 min prehybridization of the array, ∼10 µl of the prehybridization mix was removed and hybridization solution was applied on the slide. The chamber was sealed again and incubated at 37°C for 16 h. After hybridization, we rinsed the array with 0.1 M sodium phosphate buffer with 0.1% NP-40 pH 8.0 to wash away the hybridization solution. The slides were then washed in 50% formamide, 2× SSC and 0.1% SDS at 45°C for 20 min followed by a 15 min wash in the 0.1 M sodium phosphate buffer with 0.1% NP-40. After draining excess liquid, the slide array was mounted in an antifade solution containing DAPI (1 µM) to counterstain the DNA targets. A glass coverslip was sealed in place with nail polish, and the slide was wiped with a lens clean paper soaked in 50% acetone/50% methanol to remove fluorescent debris and films.
Imaging and analysis
Imaging was performed essentially as described, but employing custom-made lenses that provide a 2× magnified image of the array onto a 16-bit cooled charge device (CCD) camera (23) . The CCD camera (Pixelvision SV10KV1D/ PUYT-95; Pixelvision) contains a 25 mm 2 chip with 1024 × 1024 pixels. Thus, each image covers a 12.5 × 12.5 mm area with a resolution of 12.5 µm. Illumination was supplied by a 100 W mercury arc lamp. Computer-controlled filter wheels allowed selection of excitation and emission wavelengths (five each). For this project DAPI, fluorescein and CY3 images of each array were obtained using exposure times of 4, 11-28 and 6-9 s, respectively. Hybridization intensity analysis of the images was carried out using a custom program. The program locates the targets clones, based on the DAPI image, subtracts background and calculates the intensities of the FITC and CY3 signals. Hybridization targets with less intensity than 70 digital units for either of the probes were excluded from the analysis. Ratios of the intensities of test DNA to the reference DNA were calculated as well as the average and standard deviation of the five replicas of each clone. Clones displaying standard deviation of >10% were discarded from further analysis. The ratio of the chromosome 22 target clones was normalized against the ratio of the target clones from chromosomes 3 and 5 and plotted as graphs (Figs 2 and 3 ).
FISH analysis
FISH analysis was performed as described elsewhere (33) . Briefly, metaphase spreads were prepared from lymphocytes according to standard methods. DNA from the chromosome 22 probes (1 µg) was labeled with fluorescein-12-dUTP (Roche Diagnostics) by nick-translation. The centromere probe was labeled with SpectrumOrange-dUTP (Vysis). The probes were blocked with Cot-1 DNA (Life Technologies) and hybridized at 37°C overnight. The chromosomes were counterstained with DAPI and the signal was visualized using a Zeiss Axiophot II fluorescence microscope equipped with a CCD camera (Sensys; Photometrics) and the SmartCapture software package (Vysis).
Partial sequencing of marker D22S212/KI-831
The insert of genomic marker D22S212/KI-831 was endsequenced from both sides using vector-specific primers, which flank the HindIII cloning site of the phage Charon 21A (primer 1, 5′-TCA CTT CGA CAG AAG AGT TAG TTG-3′; primer 2, 5′-CCT TTA AAA AAG TCG TTT CTG CA-3′). Purified phage DNA (∼500 ng), 3.2 pmol of either of the primers and 2 µl of BigDye terminator sequencing kit was PCR amplified using protocol supplied by the manufacturer and sequenced on an ABI377 automated sequencer (Perkin Elmer).
